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ABSTRACT 
 
The impact of molecular aggregates on the photophysical properties of 
rhodamine dyes adsorbed to TiO2 were investigated using diffuse reflectance 
spectroscopy, steady-state fluorescence, and time-correlated single photon 
counting (TCSPC) measurements. Photocatalyzed de-alkylation of rhodamine 
dyes containing tertiary amine groups (i.e., 5-ROX, R101, and RB) was observed 
on TiO2, which resulted in a ~50 nm hypsochromic shift of the absorbance 
maximum. Therefore, the formation of rhodamine aggregates was studied via 
R560, which contained primary amines which did not undergo photodegradation. 
Deconvolution of the diffuse reflectance spectra of R560/TiO2 revealed the 
formation of both H- and J-aggregates with increased dye-loading. The formation 
of J-aggregates resulted in FRET between monomers and J-aggregates which 
yielded a bathochromic shifted fluorescence maximum. The fluorescence shifted 
from 529 nm at 10-7 M/TiO2 to 555 nm at 5x10-5 M/TiO2, with corresponding 
FWHM values of 39 nm and 66 nm, respectively. Fluorescence lifetime 
measurements revealed that the average lifetime at 10-7 M were 3.5 ± 0.1 ns on 
ZrO2 and 1.5 ± 0.1 ns on TiO2. The lifetime of R560 in acetonitrile (i.e., 3.36 ± 
0.04 ns) was significantly greater than on TiO2, consistent with quenching from 
electron injection. Furthermore, the lifetime of R560 was quenched from 10-7 M to 
5x10-5 M dye-loading on ZrO2 (i.e., 3.5 ± 0.1 ns to 2.1 ± 0.4 ns, respectively), 
consistent with FRET from monomers to J-aggregates.  
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CHAPTER 1: BACKGROUND 
Introduction: A Synopsis on Climate Change 
To avoid the most catastrophic effects of climate change the world will need 
at least 10 terawatts (TW) of carbon-neutral energy by 2050.1,2 If current emissions 
of CO2 remain constant, the mean global temperature increase will be 1.3°C above 
pre-industrial era temperatures (i.e., circa 1870).3,4 For the worst effects of climate 
change to be averted, the world’s mean temperature increase must be held to 
2.0°C. Thus, the most devastating effects of climate change shall be averted if CO2 
emissions remain consistent. However, a 2010 study published by Davis et al.3 
concluded that the primary impact from CO2 emissions will be from sources that 
have not been created. Furthermore, between 2000 and 2004 the average 
increase in emissions per year was 3.2%, up from 1.1% in the previous decade 
(1990-1999). Models that estimate mean temperature increase based on the 
assumption of increased fossil fuel based infrastructure have predicted world mean 
temperature increases between 2.4°C and 4.6°C are very likely.4  
 As temperatures continue to climb, the world weather patterns will begin to 
change. The frequency of more severe weather such as hurricanes will become a 
reality as climate change progresses. To date, occurrences of category 4 and 5 
hurricanes (strongest classifications) has steadily increased since the 1980s.5 With 
hurricanes will come increased precipitation, leading to higher frequency of severe 
flooding in some areas. As some regions experience flooding others will 
experience drought, especially in the southwestern United States, which will be 
accompanied by heat waves. While many impacts of climate change appear to be 
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negative there will be regions that will benefit from it. In some regions of the world 
the growing season for crops will be extended and more rainfall could lead to more 
habitable living conditions. However, these regions will become uninhabitable, 
usually because of extreme or harsh weather conditions. The economic effect of 
relocation will most likely devastate the world economy and poverty-stricken 
regions and communities will bear the most devastating impacts.  
Although the most adverse effects of climate change have yet to occur, 
some repercussions of climate change have already begun. The most threatening 
effect of climate change must be that of rising sea-levels, which by 2100 are 
expected to rise 0.5 to 1.4 meters (or 1 to 4 feet), significantly reducing the amount 
of land mass available for habitation. Sea levels have already risen approximately 
8 inches since 1880 causing substantial problems.6 For example, the Isle de Jean 
Charles in Louisiana was one of the first places in America to experience the 
effects of climate change. Flooding had become so severe the entire population 
was relocated. In January 2016, the US Department of Housing and Urban 
Development (HUD) announced a grant totaling $48 million to relocate the 
inhabitants of Isle de Jean Charles.7 This had been the first allocation of US tax 
dollars to relocate an entire community struggling with the effects of climate 
change. Additionally, in 2016, HUD approved grants that totaled $1 billion which 
was dispersed over thirteen states to reinforce and build levees, damns, and 
drainage systems for communities to combat the negative effects of rising sea-
levels. Climate change has already begun costing US taxpayers and having 
detrimental effects on communities. For example, in Miami, Florida 400 million 
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dollars of local tax dollars have been allocated for industrial water pumps and 
raising infrastructure by 2018 to combat rising-sea levels.8 Miami has passed a 
resolution urging South Florida to secede from Northern Florida, citing the state’s 
inability to adequately address issues related to climate change as the principal 
reason.9 For the United States to avoid spending trillions of dollars a year by 2100 
it has become imperative that new, efficient forms of carbon-neutral energy be 
developed.10 Fortunately, the sun represents a source of energy that is capable of 
meeting the world’s increasing energy demands. The sun emits enough energy in 
several hours to power the world for an entire year.1,11 To harness solar energy 
and efficiently convert it to electrical energy requires the use and development of 
efficient photovoltaic devices (i.e., solar cells). 
 
The Potential of Solar Energy 
 The first solar cells had been silicon-based devices introduced in 1941 with 
efficiencies of less than 1%.12 For comparison, throughout the past decade internal 
combustion engines (such as those found in cars) have maintained efficiencies of 
~25%, meaning of the total energy available in gasoline, only 25% is harnessed, 
with most of the energy (~70%) lost to exhaust heat and coolant.13 Today silicon 
based photovoltaic (PV) devices achieve efficiencies of more than 20% in 
laboratories; however, commercially available devices typically perform between 
10 and 15%, with theoretical limits of ~32%.14-16 If the loss of efficiency due to 
thermodynamics (i.e., loss of heat) was eliminated, efficiencies theoretically could 
reach 70%; however, these limits are most certainly unattainable.  
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 The need for solar energy has been intertwined with the need for fewer 
greenhouse gas emissions (such as CO2), but silicon based devices have some 
challenges when considering their manufacturing processes and practices.17 The 
largest problem with the manufacturing of silicon-based photovoltaics has been 
their requirement of high purity silicon. Although, several methods for producing 
high purity silicon exist, all are expensive and time consuming, which inflates the 
cost of production and limits the commercial applicability of these devices. 
Additionally, the silicon must be polished using concentrated sodium hydroxide 
and hydrofluoric acid, which are hazardous to human health.18 In some instances, 
companies, especially those in countries without strict environmental laws, have 
improperly disposed of toxic waste, dumping it into the local environment. In 
addition to the manufacturing woes, silicon has several intrinsic disadvantages.  
 The high purity silicon required for manufacturing becomes very brittle and 
must be manufactured into rigid structures. Thus, silicon-based photovoltaic cells 
must be supported by bulky metal frames which limits the mobility and applicability 
of these devices. Furthermore, silicon itself does not absorb visible light well, which 
accounts for much of the suns emitted energy. To overcome this, devices have 
been manufactured with thick layers of silicon, further adding to the bulk and 
inflexibility of the device. The need for environmentally prudent, economical, and 
efficient photovoltaic devices has arisen due to the deficiencies of silicon-based 
photovoltaics. Currently, the investigation of such devices has already begun. 
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The Promise of Dye-Sensitized Photovoltaic Devices 
 In 1991, Michael Grätzel and Brian O’Regan published the results of the 
first high-efficiency dye-sensitized solar cell (DSSC).19 DSSCs are thin films 
photovoltaic devices that have several decisive advantages over silicon-based 
devices. DSSCs are flexible, low-cost photovoltaics that require cheap materials 
and can be easily manufactured without the use of hazardous materials, making 
them more practical for commercial applicability. Additionally, DSSCs adsorb a 
sensitizer (i.e., a dye molecule) with a high molar absorptivity in the visible 
spectrum to the semiconductor (i.e., TiO2) which allows for improved absorption of 
visible light.20 DSSCs are constructed from thin film semiconductors on a working 
electrode with a dye adsorbed to them. These components are then submerged 
into an electrolyte and sealed by a counter electrode (Figure 1).  
 DSSCs begin with the photoexcitation of the ground state dye, which while 
in its excited state undergoes electron injection into the semiconductor of TiO2. 
However, for electron injection to occur the excited state, or the lowest unoccupied 
molecular orbital (LUMO), of the dye molecule must have a higher energy than 
that of the semiconductor’s conduction band. The electron must then be conducted 
through the circuit via the working electrode, where the electron continues toward 
the counter electrode. Typically, these electrodes are comprised of fluorine-doped 
tin oxide glass with the counter electrode containing a platinum backing. Once the 
electron has reached the counter electrode the electrolyte is used to regenerate 
the ground state of the dye molecules. This happens via the formation of three I- 
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molecules that then donate an electron to the electron-deficient dye, which brings 
about the formation of an I3- complex.19-21   
 
Figure 1. Diagram of a dye-sensitized solar cell (DSSC). The working electrode is an FTO (fluorine 
dipped tin oxide) glass. The counter electrode is generally FTO glass with a platinum backing. The 
electrolyte is used to regenerate the dye after it has undergone electron injection; it does this by 
having I- donate an electron to the dye molecule (which regenerates the initial dye) and forms an 
I3- complex which is then regenerate into I- by the counter electrode. 
 
 The most crucial component of DSSCs is the dye sensitizer. The DSSC 
developed by Grätzel and O’Regan used a ruthenium complex, just as many other 
works have focused on using ruthenium based dyes. These ruthenium based dyes 
have a very broad absorbance spectrum, encompassing much of the visible 
spectrum.22 Some of the ruthenium dyes are capable of absorbing photons up to 
wavelengths of 800 nm.23 Broad absorbance band characteristics has helped 
ruthenium-based DSSCs achieve device efficiencies upwards of 15%.1 However, 
there are serious predicaments when using ruthenium based dyes: they are 
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expensive and rare. This means that ruthenium has such a low natural abundance 
that it cannot be used to manufacture DSSCs on an industrial scale in addition to 
being prohibitive. To circumvent the cost and logistics of commercial application, 
organic sensitizers can be investigated as alternatives to ruthenium.   
 Organic dye-sensitizers are cheap, easy to synthesis, and earth abundant 
alternatives to ruthenium based sensitizers. However, unlike ruthenium organic 
sensitizers are no capable of absorbing much of the visible spectrum, which has 
attributed to their diminished efficiencies (i.e., maximum efficiency of 13%).24 To 
enhance the efficiency of DSSCs based on organic-sensitizers several 
approaches can be used. The use of multiple chromophores has been explored to 
increase the total light harvesting of DSSCs. For example, TPD-dye and Ru-TPA-
NCS dye were used in tandem to create a hybrid blend solar cell, which had an 
efficiency of less than 1%.25 The low efficiency was believed to be a result of poor 
dye contact with TiO2. Tandem photovoltaic devices that utilize multiple dyes or 
cells have had difficulties with power generation. This has yielding a best 
performance of 6.5% power conversion efficiency with a theoretical limit of 15%.26 
Instead, many investigations have focused on taking advantage of molecular 
aggregation. Molecular aggregates are formed when two or more dye molecules 
interact to form a dimer, trimer, etc. which has different photophysical properties 
than the original dye monomer. Molecular exciton theory, developed by Michael 
Kasha, offers invaluable insight into the properties of dye molecular aggregates. 
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Molecular Exciton Theory and Aggregation 
Molecular exciton theory offers a useful model for understanding 
aggregation on absorbance wavelength (λmax).27-31 The theory is based on 
monomer-monomer dipole interactions, which produces Davydov splitting to 
generate two new energy states, one at a higher energy than the original monomer 
and one at a lower energy (Figure 2).32 The higher energy state is known as an H-
aggregate and is formed via a head-to-head dipole interaction between two or 
more monomer units. The absorbance maximum (𝜆𝑚𝑎𝑥) of H-aggregates are 
hypsochromically shifted from the monomer.27 Additionally, H-aggregates are non-
fluorescent as they are quenched via a rapid internal conversion of the upper 
excited state to a lower state, which has a diminished dipole moment (i.e. forbidden 
transition). Some exceptions have been observed in which H-aggregates show 
significant fluorescence intensity such as in single crystals.33-36 
The second type of aggregates are known as J-aggregates which occupy 
the lower energy state and are formed via a head-to-tail dipole interaction. The J-
aggregate has a 𝜆𝑚𝑎𝑥 that is bathochromically shifted from the monomer.
32,38-47 
Additionally, J-aggregates have bathochromically shifted fluorescence intensities 
with respect to the corresponding monomer.48 The fluorescence intensities of J-
aggregates are often less than that of the corresponding monomer.30,49 However, 
J-aggregates of perylene bisimide have been shown to fluorescence with quantum 
yields of near unity. Additionally, these aggregates formed via hydrogen-bonding, 
which was atypical, since most aggregates are formed via van der Waals forces.50  
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Figure 2. Diagram of the molecular exciton theory. Shows the energy transitions for H-aggregates, 
J-aggregates, and the monomer. E’ and E’’ represent the two new energy states created via the 
Davydov splitting of the original monomer energy state (E). Arrows are a representation of the 
molecules dipole moment and the forbidden transitions (represented by a dashed line with an “X”) 
is due to the sum of the transition dipole moment being zero, which according to selection rules 
represents a forbidden transition.37 
 
The above idealized conformations of H and J aggregates are not typically 
present on solid substrates. It has been show that aggregates can assume 
different and sometime unique conformations. It has been reported that J-
aggregates can assume brickwork, staircase, and ladder conformations, although 
these conformations are often comprised of many monomer units.48,50 Additionally, 
H-aggregate have been reported to form a herringbone confirmation.33 Therefore 
to generally define the type of aggregate, the angle (ϕ) between the plane of the 
monomers and the dipole of a monomer unit, are measured (ϕ > 54.7° is H-
aggregate, ϕ < 54.7° is J-aggregate).40-42,51 Furthermore, The photophysics of 
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these aggregates have the potential to vary but maintain the trends of simple 
aggregates described by molecular exciton theory. Therefore, many varying 
characteristics of H and J aggregates have been reported in the literature to date. 
Aggregation can be applied to DSSCs to enhance the spectral absorbance of dye 
molecules, but the effect of aggregates on DSSC efficiency must be investigated. 
 
Enhancing the Performance of DSSCs Using Aggregation 
Surface aggregation of organic dyes offers an intriguing method for 
increasing the efficiency of DSSCs, since the formation of molecular aggregates is 
known to impact electron transfer (ET) kinetics and device efficiencies.47,52-57 J-
aggregates27,29,32,40,48, which are characterized by a bathochromic shift of the 
absorbance spectrum, relative to the corresponding monomer, have been found 
to enhance DSSCs performance. For example, in 1984 Itoh et al. concluded that 
rhodamine B (RB) J-dimers on SnO2 can increase the light harvesting efficiency of 
photovoltaic devices. Furthermore, it was determined that the J-dimers of RB 
molecules had a high probability of electron injection, as had been previously 
observed for J-aggregates of cyanine dyes.58 For benzothiazole merocyanine dyes 
Arakawa and coworkers found that J-aggregates of dyes containing long alkyl 
chains had strong sensitization on TiO2 electrodes, obtaining solar light-to-power 
efficiencies of 4.5%. They determined that the formation of J-aggregates was 
imperative in order to obtain high inductive photon-to-current conversion efficiency 
(IPCE) and that the J-aggregate had higher efficiency due to an increased 
absorption edge.59,60 Furthermore, J-aggregates of a Zn chlorophyll derivative had 
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an IPCE value of 9.0% and were able to absorb photons up to 800 nm.61 The 
potential for J-aggregates to increase DSSCs performance is evident; however, 
the relative efficiency of organic dye-sensitized photovoltaics remains a problem, 
as ruthenium based devices have achieved efficiencies upwards of 15%.1,62,63 
Additionally, the presence of H-aggregates in most systems influences device 
performance as well. 
 H-aggregates27,29,33-35, characterized by a hypsochromic shift of the 
absorbance spectrum relative to the corresponding monomer, have also been 
shown to increase DSSCs performance. McHale et al. found that a DSSC with 
betanin chromophore had about a 2.5 increase in power conversion efficiencies 
when constructed with dye aggregates, as compared to only monomer units.64 
However, they did conclude that larger aggregates (i.e., trimers) would lead to 
reduced electron coupling with TiO2 and could form insulating layers of dye 
molecules, which would hinder electron injection capabilities. Perhaps the most 
extensive works on the efficiencies of DSSC in which H-aggregates were found to 
be beneficial is that of Watson and Detty.52-55 They found that H-aggregates 
consisting of a variety of chalcogenozanthylium dyes have been shown to increase 
the IPCE. Additionally, H-aggregates could inject electrons more efficiently, having 
a quantum yield of electron injection that was twice that of the monomer. However, 
despite the promising electron injection capabilities, solar devices demonstrated 
less than 1% power conversion efficiency (PCE) values, although this was 
attributed to insufficient regeneration of the dye. More interestingly, Alex, 
Santhosh, and Das, while studying squaraine dyes, found that the effects of H-
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aggregates varied. H-aggregates formed via symmetric squaraine dyes did not 
sensitize well on TiO2 compared to the monomer; however, unsymmetrical 
squaraine dyes sensitized just as well as the monomer.65  
 Evidence for the use of J-aggregates and H-aggregates has been well 
documented throughout the literature; and yet there are numerous publications 
that have found aggregation to compromise DSSCs performance.66,67 For 
example, Kamat and coworkers found that for merocyanine-540 the IPCE of the 
monomer was ~40% compared to ~8% for the H-aggregate.68 Furthermore, H-
aggregates of R6G were observed to undergo electron injection (i.e., electron 
injection rate constant of 5.5x109 s-1), but fast recombination limited the incident 
photon-to-photocurrent efficiency to about 1%.69 Given the numerous conflicting 
reports on aggregates’ effect on DSSCs performance it has become crucial to 
systematically investigate their photophysical properties on TiO2.  
 
Summary of Thesis 
 Previously we had observed the spectral broadening of 5-peroxy-X-
rhodmaine (5-ROX) and rhodamine B (RB) on TiO2 thin films, which was attributed 
to the formation of molecular aggregates.70 Here, a systematic study of rhodamine 
aggregation on TiO2 is performed using diffuse reflectance, steady-state 
fluorescence, and time-correlated single-photon counting (TCSPC) measurements 
on a series of rhodamine dyes. 5-ROX, rhodamine 101 (R101), RB, and rhodamine 
560 (R560) (See Appendix I for dye structure and information) were investigated 
on TiO2 and ZrO2 films. This series of rhodamine dyes were chosen for 
investigation because of their high molar absorptivity, commercial availability, and 
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cheap cost. Additionally, each dye contained varying structural properties (i.e., 
amine groups and number of carboxylic acid linkers) which were compared 
throughout this investigation. For the rhodamine derivatives that contain tertiary 
amines (i.e., 5-ROX, R101, RB) a large spectral shift relative to solution was 
observed. This ~50 nm shift was attributed to the photocatalyzed de-alkylation of 
tertiary amine groups on TiO2. To circumvent the complication of de-alkylation 
photoproducts, the impact of dye concentration and substrate (i.e., TiO2 and ZrO2) 
were examined using R560. We demonstrate that both H- and J-aggregates of 
R560 are present on TiO2 and ZrO2. With an increase in dye-loading concentration, 
the fluorescence spectrum was bathochromically shifted with concomitant 
decreases in fluorescence intensity and corresponding fluorescence lifetimes. 
These observations were consistent with fluorescence quenching via Fӧrster 
resonance energy transfer (FRET) from the excited dye monomers to weakly-
fluorescent J-aggregates as well as electron injection to TiO2.  
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CHAPTER 2: DIFFUSE REFLECTANCE MEASUREMENTS OF RHODMAINE 
DYES ADSORBED ON TiO2 THIN FILMS 
 
Introduction 
 Previous work has investigated the diffuse reflectance spectra of rhodamine 
B (RB), rhodamine 6G (R6G), rhodamine 123 (R123), and 5-carboxy-X-rhodamine 
(5-ROX) on TiO2 thin films.1 This work observed the spectral broadening of 
absorbance bands, which ascribed this observation to the formation of molecular 
aggregates. Using diffuse reflectance spectroscopy to probe the absorbance 
characteristics of several rhodamine dyes (i.e., 5-ROX, R101, RB, and R560). 
Aggregates of rhodamine dye will either have red shifted (i.e., J-aggregates) or 
blue shifted (i.e., H-aggregates) absorbance spectra relative to that of the 
monomer. Originally the aggregates of rhodamine dyes were observed in solution, 
specifically water by Ramette and Sandell.2 While they studied RB in water, the 
absorbance spectra began to deviate from beer’s law. This deviation was attributed 
to the formation of dimers and has since become known as a common facet of 
molecular aggregates.3 Further studies revealed that rhodamine dyes formed H-
aggregates in water, even at concentration as low as 10-5 M. 4,5 However, for 
ethanol the formation of aggregates has been shown to be very different. To start, 
aggregates are not observed in ethanol at low concentration. For example, RB in 
ethanol does not exhibit evidence of aggregation until concentration of 5x10-3 M.3 
Additionally, upon studying significantly high concentrations of R6G in ethanol (i.e., 
up to 5x10-2 M), it was observed that higher order aggregates were formed (i.e., 
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trimers).6,7 Lastly, it has been shown that in concentrated solutions of ethyl glycol 
R6G formed both H- and J-aggrgegates.8 Understanding of the formation of 
aggregates in solution has led to the understanding that H-aggregates are known 
to from in polar solvents (i.e., water) and J-aggregates are formed in weakly-polar 
and non-polar solvents (i.e., ethanol).  
In addition to polarity-induced effects on aggregation, temperature and pH 
have also been shown to modify aggregation. Temperature has been shown to 
have a direct correlation to temperature (i.e., as temperature increased the amount 
of aggregates formed increased and vice versa).9,10 Furthermore, pH has been 
shown to change form (i.e., basic RB, zwitter ion, etc.) which can affect the 
formation of aggregates.2,11 For RB in aqueous solution below pH 5 with a polymer, 
RB demonstrates increased absorption and aggregation to the polymer. However, 
at pH greater than 5 limited RB binding to the polymer due to increased 
electrostatic repulsions, thus limiting its aggregation potential. Temperature and 
pH have demonstrated the potential to affect the aggregation of rhodamine dyes 
in solution. Additionally, an isosbestic point is expected to be observed between 
dimers and monomers of rhodamines in solution. The presence of an isosbestic 
point shows the transition between the absorbance of distinct species, hence the 
presence of an isosbestic point can be indicative of aggregates. By understanding 
the aggregation behavior of rhodamines and other dyes in solution, these 
characteristics can be applied to rhodamine dyes on solid substrates.  
 In addition to the characterization of rhodamine aggregates in solution, the 
absorbance and diffuse reflectance spectra of rhodamine dye films have been 
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investigated. For example, when R6G is interlaced in laponite clay films, both H- 
and J-dimers are observed.12,13 Increase in dye-loading revealed an increase in 
the absorbance value and alteration to the shape of the absorbance spectra. As 
dye loading increased, the absorbance maximum (λmax) shifted from 528 nm to 
lower energies (i.e., larger wavelengths, which is characteristic of J-aggregates). 
In addition, the vibronic shoulder (which is a different unresolved vibrational-
electronic transition) at ~500 nm increased with respect to the λmax, a known 
characteristic of H-aggregates. Similar relationships have been demonstrated for 
R6G on silica films.14,15 However, it is worth noting that unlike solution, no 
isosbestic point is observed between monomers and aggregates on films. This 
suggests that on solid substrates the relationship between dimerization and 
concentration is not uniform. Therefore, to determine the extent of aggregation, the 
normalized spectra of higher concentration samples are subtracted from the 
monomer sample. For silica, this produced two bands, one at higher energy and 
one at lower energy (H- and J-aggregates, respectively). Understanding the 
formation of aggregates on solid surfaces could help to more precisely investigate 
aggregates in photovoltaic devices or on TiO2.   
 Watson, Detty, et al. have studied a series of chalcogenorhodamine and 
selenorhodamine dyes, which structurally are very similar to rhodamines.16-19 It 
was demonstrtated that chalcogenorhodamine and selenorhodamine dyes formed 
a type of H-aggregate on the surface of TiO2 thin films. 16-19 However, it is worth 
considering the potential for photocatalytic degradation of rhodamine dyes on TiO2. 
Rhodamine dyes containing tertiary amine groups can be photocatalytically 
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degraded to primary amines.20-22 The photodegradation causes a blue shift in the 
absorbance spectrum of rhodamine dyes, which could be mistaken for H-
aggregates. Therefore, it is necessary to explore the possibility of both H-
aggregation and photodegradation when studying rhodamine dyes with tertiary 
amines. Hence, we have investigated the adsorption of four rhodamine dyes: 5-
peroxy-X-rhodamine (5-ROX), rhodamine 101 (R101), RB, and rhodamine 560 
(R560) on TiO2 using diffuse reflectance spectroscopy.  
 
Experimental 
Materials, Sample Preparations, and Rhodamine Thin Film Characterization 
Rhodamine 560 chloride (R560, 99+% from Exciton), rhodamine 101 inner 
salt (R101, 99+% from Exciton), rhodamine B (RB, 99+% from Acros Organics), 
and 5-carboxy-X-rhodmaine triethylammonium salt (5-ROX, ≥ 97% from Thermo 
Fisher Scientific) were used as obtained from the manufacturer. Solutions of R560, 
R101, and RB were prepared in HPLC grade acetonitrile (99.8%, EMD Millipore); 
5-ROX solutions were prepared in ethyl alcohol (200 proof, Pharmco-Aaper) due 
to limited solubility in acetonitrile. Mesoporous nanocrystalline titania (TiO2, 98+% 
from Acros Organics) and zirconia (ZrO2, <100 nm particle size from Sigma 
Aldrich) thin films were prepared on Fisherbrand plain microscope slides using the 
doctor blading technique.23 After doctor blading, thin films were placed in a muffle 
furnace at 300°C for 1.5 to 2 hours. Dyes were adsorbed onto TiO2 and ZrO2 films 
by soaking the coated microscope slides in 15 mL of dye solution in a covered 
Petri dish. The resulting dyed films were rinsed repeatedly with solvent to ensure 
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removal of unbound chromophores. Following rinsing and drying, samples were 
stored in the dark.  
Solution-phase UV-Vis measurements were obtained using a PerkinElmer 
Lambda 35 spectrometer. Diffuse reflectance measurements of dyes on TiO2 and 
ZrO2 films were acquired using a Cary 60 spectrometer with a fiber-optic coupler 
and diffuse reflectance probe. Solution spectra were collected using a 1 nm slit 
width from 200 to 800 nm. The diffuse reflectance spectra were also acquired over 
the scan range of 200 to 800 nm with data intervals collected every 0.50 nm at a 
scan speed of 300 nm per minute. Additionally, all diffuse reflectance spectra were 
corrected using the Kubelka-Munk function (Rem), which is given by the following 
equation: 
𝑅𝑒𝑚 = 
(1 − 𝑅(𝜆)2
2𝑅(𝜆)
 
where R is the absolute reflectance of the sample at a specific wavelength. 
Kubelka-Munk is used to correct for the scattering of light by the sample.  
Data Processing Methods 
Diffuse reflectance measurements were baseline subtracted by applying a 
linear function and fit to Gaussian functions using OriginPro 9.1 software. 
Gaussian functions were used to describe the individual populations present (i.e., 
monomer, H- and J-aggregates) on TiO2 thin films. The FWHM, amplitude, and 
position of the Gaussian functions were determined by using the Levenberg-
Marquardt algorithm to minimize the reduced chi-squared. To confirm that the 
proper number of Gaussian functions had been used the reduced-R2 value was 
affirmed to be near unity and the residuals were plotted in a histogram to confirm 
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that they were randomly distributed around zero. Additionally, the individual 
Gaussian functions were required to have positive amplitudes that would appear 
to adequately describe a species (i.e., monomer, H-, or J-aggregates). The 
monomer component was the sum of two Gaussian functions, as the monomer 
had a vibronic shoulder. The integrated area under each curve was used to 
determine the relative abundance of each population (i.e., monomers, H- and J-
aggregates).     
 
Results and Discussion  
Diffuse Reflectance Studies of 5-ROX, R101, and RB on TiO2 
The UV-vis spectra of 5-ROX, R101, and RB in solution exhibit λmax at 578, 
560, and 555 nm, respectively, with corresponding full width at half maximum 
(FWHM) values of 36, 36, and 33 nm. To examine the adsorption of dyes to TiO2, 
thin films of TiO2-on-glass were immersed in dye solutions for 18 hours and then 
thoroughly rinsed with solvent to remove any unbound chromophores. Figure 3A-
C presents the resulting diffuse reflectance spectra of 5-ROX, R101, and RB on 
TiO2. Altogether, the diffuse reflectance spectra of the dye/TiO2 films are markedly 
different relative to their solution-phase spectra and are highly dependent on dye-
loading concentration (Table 1). ). For example, Figure 3A shows that 5-ROX/TiO2 
films prepared from 10-4 M dye loading demonstrate a broad, hypsochromically-
shifted peak (i.e., 𝜆𝑚𝑎𝑥 = 560 nm, FWHM = 93 nm on TiO2) relative to solution (i.e., 
𝜆𝑚𝑎𝑥 = 578 nm, FWHM = 36 nm in ethanol). The diffuse reflectance spectra of 
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R101/TiO2 and RB/TiO2 are also broadened and hypsochromically-shifted as 
compared to the spectra obtained in solution. 
 
Figure 3. Normalized diffuse reflectance spectra of (A) 5-ROX, (B) R101, (C) RB, and (D) R560 
adsorbed onto TiO2 at varying dye-loading concentrations: 5x10-6 M (red), 10-5 M (green), 10-4 M 
(blue). Reflectance measurements were corrected using the Kubelka-Munk function. 
Corresponding absorption spectra of ~10-5 M dye in acetonitrile or ethanol are shown in dashed 
lines. 
 
As dye-loading concentration is increased from 5x10-6 M to 10-4 M, the 
diffuse reflectance spectra exhibit bathochromic shifts and broadening. For 
example, 5-ROX/TiO2 films prepared by soaking in a 5x10-6 M dye solution exhibit 
a 𝜆𝑚𝑎𝑥 at 541 nm with a corresponding FWHM of 81 nm. As 5-ROX loading 
concentration increased from 5x10-6 M to 10-4 M, 𝜆𝑚𝑎𝑥 is red-shifted to 555 nm and 
broadened to a FWHM of 93 nm. Broadening of spectra as concentration is 
increased is a clear indicator that aggregates are being formed. Therefore, the 
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lowest concentration on TiO2, dye-loading of 10-6 M, is assumed to be the 
monomer, or at least be a sample comprised primarily of monomers. Using peak-
fitting analysis software (OriginPro 9.1) higher concentrations were fit with 
Gaussian functions to describe the formation of aggregates as concentration 
increased. The integrated area of each population (monomer, H- and J-
aggregates) were graphed as a percent of the total area versus concentration to 
illustrate the evolution of rhodamine aggregates (Figure 4).   
Table 1. Summary of absorbance and diffuse reflectance data. 
 Sample 
λmax 
(nm) 
FWHM 
(nm) 
5-ROX 
ethanol 578 36 
5x10-6 M 541 81 
10-5 M 541 83 
10-4 M 560 93 
R101 
acetonitrile 560 36 
5x10-6 M 528 84 
10-5 M 542 85 
10-4 M 555 89 
RB 
acetonitrile 555 33 
5x10-6 M 505 48 
10-5 M 507 55 
10-4 M 514 90 
 
The Results of Figure 4 reveal a similar trend for all three samples; as dye-
loading concentration is increased the abundance of monomer decreases and H- 
and J-aggregates increase, the fits performed for each sample can be found in 
Appendix II. For 5-ROX and R101 the abundance of J-aggregates begins to 
exceed that of monomer at a dye-loading concentration of 10-5 M, suggesting that 
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at this concentration, more aggregates are present than monomer. Interestingly, 
RB reveals a slightly different trend; the abundance of the monomer is greater, 
even at a dye-loading concentration of 10-4 M, although only slightly. Additionally, 
multiple samples were analyzed for RB, allowing standard deviations to be 
determined, which were large. This appears to be consistent with the lack of an 
isosbestic point, which suggested that the aggregation of dyes on solid substrates 
is slightly random, although a more thorough understanding of this phenomenon 
is needed. Moreover, the drastic difference between the λmax of solution and thin 
film must be understood. Furthermore, the effects of solvent and the dye’s counter 
ion on the absorbance spectra were investigated; results of which can be found in 
Appendix III. 
 
Figure 4. The relative percent of monomer (black), H-aggregate (blue), and J-aggregate (red) 
present in (A) 5-ROX/TiO2, (B) R101/TiO2, and (C) RB/TiO2. 5-ROX and R101 are composed of 
only one measurement for each data point, however RB is the average of three with standard 
deviation shown. For each data set a dye-loading concentration of 10-6 M was estimated to be the 
spectrum of pure monomer.  
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Previous studies of rhodamine dyes on silica15 and laponite clay,13,24 have 
observed hypsochromic shifts in λmax (i.e., of up to ~25 nm) upon surface 
adsorption, consistent with the formation of H aggregates as well as modifications 
to the local dielectric environment. However, in the present study, substantial 
hypsochromic shifts of ~35-50 nm are observed for dye/TiO2 films relative to 
solution. Another possibility is that 5-ROX, R101, and RB undergo photocatalytic 
degradation on TiO2.5,6 For example, previous studies by Park and Choi22 and 
Chen and cowokers21 demonstrated that RB can undergo photocatalytic de-
alkylation on TiO2 to form chromophores with significantly hypsochromically-
shifted absorbance maxima (i.e., by ~50 nm). To explore the possibility that the 
substantial changes to 𝜆𝑚𝑎𝑥 upon adsorption to TiO2 films is due to photocatalytic 
de-alkylation each film was submerged in water to intentionally desorb the dyes.25-
27 Only 5-ROX/TiO2 films demonstrated persistent coloration following water 
exposure, consistent with the fact that 5-ROX possesses an additional carboxylate 
linkage at the para-position on the xanthylium backbone for potential binding to 
TiO2, as compared to R101 and RB.1 Indeed, when RB/TiO2 films are submerged 
in water to intentionally desorb the dyes from TiO2, the extracted solution exhibits 
absorbance and fluorescence maxima at 498 and 520 nm, respectively, which 
deviates significantly from the know solution values.  
To further investigate the photodegradation of 5-ROX, R101, and RB on 
TiO2, the diffuse reflectance spectra of 10-4 M dye/TiO2 films were measured after 
varying soaking times in dye solution and finally after prolonged exposure to light. 
The varying soaking time, which occurred in the dark, allowed the formation of 
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aggregates to be probed. The diffuse reflectance spectra of 5-ROX, R101, and RB 
on TiO2 exhibited significant hypsochromic shifts after exposure to room lights for 
1 h (Figure 5), consistent with photocatalytic de-alkylation of the tertiary amines to 
form primary amines.21,22 Additionally, spectra of RB on ZrO2 films revealed no 
evidence of photodegradation and did not exhibit a 50 nm hypsochromic shift 
relative to solution (see Appendix IV). Therefore, to probe rhodamine aggregates 
on TiO2 and circumvent the complexities arising from photodegradation, we 
focused on concentration-dependent studies of R560/TiO2, which possess primary 
amine groups.  
 
 
Figure 5. Diffuse reflectance measurements of RB, 5-ROX, R101, and R560 on TiO2 prepared by 
successive soaking in 10-4 M dye solutions for (red) 30 s, (green) 5 min, (blue) 30 min, and (pink) 
2 h. The dyed films exhibit increases in reflectance intensity and broadening as soaking time is 
increased, consistent with the surface adsorption and the formation of aggregates. To examine the 
light-induced degradation of RB, 5-ROX, and R101 on TiO2, diffuse reflectance spectra were 
recorded after the samples were exposed to room lights for 1 h (black). 
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Diffuse Reflectance Studies of R560/TiO2 
Figure 3D shows the diffuse reflectance spectra of R560/TiO2 films relative 
to solution. The absorbance spectrum of R560 in acetonitrile exhibits a 𝜆𝑚𝑎𝑥  at 500 
nm, with a FWHM of 30 nm. Corresponding diffuse reflectance spectra of 
R560/TiO2 films prepared from 5x10-6 M, 10-5 M, and 10-4 M dye-loading 
concentrations exhibit maxima at 503, 504, and 511 nm, respectively, with FWHM 
values of 46, 49, and 69 nm, respectively. The diffuse reflectance spectra of 
R560/TiO2 are shifted and broadened relative to solution (Figure 3D), but the 
magnitude of these changes is modest in comparison to those observed for 5-
ROX, R101, and RB, consistent with the fact R560 does not undergo 
photocatalyzed degradation on TiO2.  
Diffuse reflectance signal was observed for R560/TiO2 films prepared from 
dye-loading concentrations as low as 10-7 M. At this concentration, R560/TiO2 films 
exhibit a diffuse reflectance spectrum that is only modestly broadened relative to 
solution (i.e., FWHM is equal to 40 nm and 30 nm on TiO2 and in acetonitrile, 
respectively), consistent with the presence of predominately dye monomers. 
Therefore, although small quantities of molecular aggregates may be present on 
dyed TiO2 films prepared using 10-7 M R560, 5,13 these films were considered to 
contain predominately monomers. Accordingly, peak-fitting analysis of the diffuse 
reflectance spectra of R560/TiO2 films prepared using 10-7 M dye provided an 
estimate of the spectral contributions due to dye monomers. The relative amount 
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of H and J aggregates present in R560/TiO2 films prepared using higher dye-
loading concentrations was estimated by fitting the diffuse reflectance spectra to a 
sum of three Gaussian functions (Figure 6) corresponding to the monomer (i.e.; 
𝜆𝑚𝑎𝑥 = 501 nm, FWHM = 42 nm), H-aggregate (i.e.; 𝜆𝑚𝑎𝑥 = 473 ± 4 nm, FWHM = 
28 ± 12 nm), and J-aggregate (i.e.; 𝜆𝑚𝑎𝑥 = 522 ± 3 nm, FWHM = 30 ± 4 nm), 
consistent with previous studies of rhodamine aggregates in water, ethylene glycol, 
laponite clay, and silica gels.4,5,8,15,24,28 For R560/TiO2 prepared using the highest 
dye loading concentrations of 10-4 M, the reflectance spectra were well modeled 
using two additional Gaussian subpopulations at 446 ± 9 nm (FWHM = 34 ± 8 nm) 
and 538 ± 1 nm (FWHM = 37 ± 1 nm) corresponding to higher-order H and J 
aggregates, respectively.4,13,29,30 Figure 6B shows that as dye-loading 
concentration is increased, the relative amount of H and J aggregates is increased, 
which is accompanied by a decrease in the relative amount of monomers in the 
total population.  
      
Figure 6. (A) Diffuse reflectance spectrum of R560/TiO2 prepared using 5x10-5 M dye solution 
(green) is fit to three subpopulations corresponding to the monomer (black) and two additional 
Gaussian functions to represent H-aggregates (blue) and J-aggregates (red). (B) The relative 
percent of monomer (black), H-aggregate (blue), and J-aggregate (red) present in R560/TiO2 
samples with varying dye loading concentration. 
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CHAPTER 3: STEADY-STATE FLUORESCECE INVESTIGATION OF 
RHODAMINE DYES ADSORBED TO TiO2 AND ZrO2 FILMS 
Introduction 
Dye aggregates have fluorescence properties that differ from the 
corresponding monomer. In general, H-aggregates are known to be non-
fluorescent, while J-aggregates have a bathochromically shifted fluorescence 
maximum (λFL) from the corresponding monomer, as specified by molecular 
exciton theory.1-6 H-aggregates were first observed in solution where they resulted 
in the quenching of fluorescence intensity. One of the first reports of non-
fluorescent aggregates was by Rabinowitch and Epstein in 1941 when they 
observed very weakly fluorescent aggregates of thionine and methylene blue in 
aqueous solution.7 Furthermore, rhodamine 6G (R6G) H- and J-aggregates have 
been observed in toluene at concentrations as low as 5x10-6 M. A shoulder in the 
fluorescence spectra at higher wavelengths (bathochromically shifted, lower 
energy) was ascribed to the J-aggregates, as H-aggregates could only be 
expected to be non-fluorescent or in some cases very weakly fluorescent (i.e., 
when the conformation is not the ideal head-to-head arrangement).8 Additionally, 
R6G aggregates in water and methanol were found to have very low quantum 
yields of fluorescence (i.e., 6x10-4 and 8.5 x 10-4). The relatively low quantum yields 
most likely are due to the formation of H-aggregates, which are known to easily 
form in water.9 In ethyl glycol, where the formation of both H- and J-aggregate is 
observed, the quantum yield of fluorescence (ΦFL) of R6G aggregates at room 
temperature are only an order of magnitude less than the corresponding monomer 
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(i.e., at 0.063 M, R6G monomer has ΦFL = 0.0218 compared to dimers that had 
ΦFL = 0.0042).10 
 Although the fluorescent properties of aggregates has been observed in 
solutions, solid substrates are of interest for understanding the potential of 
aggregates to dye-sensitized solar cells (DSSCs) performance. For instance, the 
formation of R6G and rhodamine B (RB) J-aggregates have been readily observed 
on silica films.11-14 The emission spectra of rhodamine dyes adsorbed to silica have 
undergone bathochromic shifts with increased dye concentration. Additionally, the 
fluorescence intensity has been observed to decrease with increased dye 
concentration. Analogous results have been observed for R6G interlaced in 
laponite clay films.15-17 In both instances the loss of fluorescence efficiency was 
attributed to the increased formation of non-fluorescent H-aggregates, which have 
been believed to quench the fluorescence of the monomer.14,17 Due to this 
interesting phenomenon many studies have focused on determining the 
mechanism for fluorescence quenching via aggregate formation. 
  To begin, the non-fluorescent nature of H-aggregates must be understood. 
By applying time-dependent density functional theory (TD-DFT) to the H-
aggregates of RB it was possible to model the rapid intersystem crossing from the 
singlet excited state to the triplet state, which does not undergo fluorescence but 
rather phosphorescence.18 This mechanism, which was previously predicted by 
Kasha, was shown to enhance the phosphorescence capability of samples 
containing H-aggregates.1,5 Furthermore, using trans para-distyrylbenzene (DSB), 
fluorescence from H-aggregates was observed via single crystals.19 It was 
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observed that when in a single crystal, the fluorescence quantum yield was high 
(i.e., ΦFL = 0.64 to 0.78, depending on crystal structure); however, nanoparticle 
suspensions, spin-coated films, and vapor deposits all revealed a very low 
quantum yield. It was concluded that the single crystal decreased the probability 
of internal conversion, intersystem crossing, and the presence of trap states, which 
are all known to contribute to the fluorescence quenching of H-aggregates.  
 H-aggregates are non-emissive, but understanding how they may quench 
the fluorescence of the monomer, as previously cited publications have suggested, 
14,17 can be vital to understand the photophysics of aggregates. To begin, the work 
of Kamat and coworkers20 demonstrated that R6G on SnO2 and SiO2 thin films 
exhibited decreased fluorescence intensity upon increasing concentration, due to 
the formation of non-fluorescent H-aggregates. The decreased fluorescence was 
attributed to the formation of H-aggregates, not because the aggregates explicitly 
quenched the monomer fluorescence, but because they were simply non-
emissive. The formation of aggregates will occur at the expense of monomer units, 
which was previously demonstrated by out diffuse reflectance data (Figure 6). As 
concentration increased more H-aggregates formed, which decreases the amount 
of fluorophore (monomer) present. Therefore, it can be concluded that H-
aggregates do not directly quench the fluorescence of the corresponding 
monomer, rather they decrease the number of fluorescent species present.  
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Experimental  
Materials, Sample Preparation, and Rhodamine Thin Film Characterization 
 Rhodamine 560 chloride (R560, 99+% from Exciton), rhodamine 101 inner 
salt (R101, 99+% from Exciton), rhodamine B (RB, 99+% from Acros Organics), 
and 5-carboxy-X-rhodmaine triethylammonium salt (5-ROX, ≥ 97% from Thermo 
Fisher Scientific) were used as obtained from the manufacturer. Solutions of R560, 
R101, and RB were prepared in HPLC grade acetonitrile (99.8%, EMD Millipore); 
5-ROX solutions were prepared in ethyl alcohol (200 proof, Pharmco-Aaper) due 
to limited solubility in acetonitrile. Mesoporous nanocrystalline titania (TiO2, 98+% 
from Acros Organics) and zirconia (ZrO2, <100 nm particle size from Sigma 
Aldrich) thin films were prepared on Fisherbrand plain microscope slides using the 
doctor blading technique.21 After doctor blading, thin films were placed in a muffle 
furnace at 300°C for 1.5 to 2 hours. Dyes were adsorbed onto TiO2 and ZrO2 films 
by soaking the coated microscope slides in 15 mL of dye solution in a covered 
Petri dish. The resulting dyed films were rinsed repeatedly with solvent to ensure 
removal of unbound chromophores. Following rinsing and drying, samples were 
stored in the dark. 
 Sample measurements were acquired using a PerkinElmer LS 55 equipped 
with a xenon discharge lamp (equivalent to 20 kW for 8 µs) and a gated 
photomultiplier with S5 response for operation up to around 650 nm. The 
wavelength of excitation (λexc) was set to 490 nm with an excitation slit width of 15 
nm. The thin films of TiO2 and ZrO2 were placed in a front surface accessory 
(PerkinElmer, 52123130) and emission was measured over 540 – 800 nm with an 
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emission slit width of 20 nm. Although the detector is only capable of measuring 
signals up to ~650 nm, we wanted to ensure as much signal as possible was 
obtained, so the emission was measured out to 800 nm. The scan speed was kept 
at 250 nm/minute and in order to maximize signal from each sample the 
photomultiplier voltage was set to 900 V. 
 
Correction of Fluorescence Spectra via Kubelka-Munk 
 When emitted photons are scattered and / or reabsorbed by the surrounding 
fluorophores, the detector may record a different wavelength. To correct for this 
the Kubelka-Munk function can be applied by using the following equation22: 
𝐶(𝜆) =  
𝐹(𝜆)
𝛾(𝜆, 𝜆0)
 
where F(λ) is the measured fluorescence intensity at a given wavelength and 
γ(λ,λ0) is the correction factor given by22: 
𝛾(𝜆, 𝜆0) =
{
 
 
 
 
1
1 + √
𝑅𝑒𝑚(𝜆)
𝑅𝑒𝑚(𝜆) + 2 
  
}
 
 
 
 × 
{
 
 
 
 
1
1 + √
𝑅𝑒𝑚(𝜆)×[𝑅𝑒𝑚(𝜆) + 2]
𝑅𝑒𝑚(𝜆0)×[𝑅𝑒𝑚(𝜆0) + 2]
 
}
 
 
 
   
where Rem(λ) is the Kubelka-Munk function at a given wavelength (i.e., the diffuse 
reflectance value that has been corrected using the Kubelka-Munk function) and 
Rem(λ0) is the Kubelka-Munk function value at the wavelength of excitation. 
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Results and Discussion 
Steady-State Fluorescence Studies of R560/TiO2 
The fluorescence of R560 in acetonitrile is characterized by a fluorescence 
maximum (𝜆𝐹𝐿) at 519 nm, with a corresponding FWHM of 29 nm and Stokes shift 
of 19 nm. When R560 is adsorbed onto TiO2, 𝜆𝐹𝐿 is bathochromically shifted 
relative to solution, which is accompanied by increased FWHM and Stokes shift 
values (Table 2). For example, the 𝜆𝐹𝐿 of R560/TiO2 films prepared using 10
-4 M 
dye-loading concentration is 587 nm, with corresponding FWHM and Stokes shift 
values of 56 nm and 76 nm, respectively. Further bathochromic shifting and 
broadening are observed as dye concentration is increased (Figure 3A). For 
example, as dye-loading concentration is increased from 5x10-6 M to 10-4 M, the 
Stokes shift is increased from 37 nm to 76 nm. Figure 3B shows the corresponding 
fluorescence efficiency (i.e., maximum fluorescence intensity divided by the diffuse 
reflectance signal at the excitation wavelength) is decreased as dye-loading 
concentration is increased, consistent with a bimolecular quenching process.11,17   
Table 2. Summary of absorbance, diffuse reflectance, and steady-state fluorescence data for R560 
in acetonitrile and on TiO2 at varying dye-loading concentrations. 
R560 
Sample 
λmax 
(nm) 
FWHMabs 
(nm) 
λFL     
(nm) 
FWHMFL 
(nm) 
Fluorescence 
Efficiency 
Stokes-
Shift 
(nm) 
acetonitrile 500 30 519 29 - 19 
10-7 M 502 40 - - - - 
10-6M 503 50 529 39 8886 26 
5x10-6 M 503 46 540 49 1363 37 
10-5 M 504 49 548 53 516 44 
5x10-5 M 503 57 555 66 20 52 
10-4 M 511 69 587 93 5 76 
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To investigate the role of TiO2 in the observed concentration-dependent 
fluorescence spectra, a parallel steady-state fluorescence study of R560 on the 
insulating substrate ZrO2 was performed. Figure 7C-D demonstrates the 
fluorescence spectra of R560/ZrO2 samples produced the same trends that are 
observed for R560/TiO2. In particular, an increase in dye-loading concentration 
produces a concomitant increase in 𝜆𝐹𝐿 and the Stokes shift. The fluorescence 
efficiency is decreased with increased dye loading, although the overall 
fluorescence intensity is about an order of magnitude lower on TiO2 relative to 
ZrO2, consistent with electron injection to the semiconductor.23 Furthermore, it is 
possible that a charge transfer (CT) process occurs on TiO2, which would explain 
the bathochromically shifted 𝜆𝐹𝐿 with increased dye-loading concentration. For 
example, Ghosh and Ramakrishna demonstrated that for Coumarin 343 and 
fluorescein CT emission is observed on TiO2 but not on a ZrO2 insulating 
surface.24,25 The steady-state fluorescence spectra of R560/TiO2 and R560/ZrO2 
(Figure 7A and 7C, respectively) reveal only modest differences, excluding CT as 
a plausible explanation for the bathochromically shifted emission. Ultimately, the 
results of Figure 7 demonstrate that the loss of fluorescence efficiency with 
increased dye loading is observed for both insulating ZrO2 and semiconducting 
TiO2. This suggests that enhanced electron injection of R560 aggregates on TiO2 
is not responsible for the observed fluorescence quenching26,27, which has been 
observed in other media.10,14-18,28,29  
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Figure 7. (A) Normalized fluorescence spectra and (B) fluorescence efficiencies of R560 on TiO2 
at varying dye-loading concentrations: 10-6 M (black), 5x10-6 M (red), 10-5 M (green), 5x10-5 M 
(blue), and 10-4 M (pink). (C) Normalized fluorescence spectra and (D) fluorescence efficiencies of 
R560 on ZrO2 at varying dye-loading concentrations: color scheme same as for TiO2 samples. 
 
The steady-state fluorescence spectra of R560 on TiO2 and ZrO2 can be 
understood by considering the fluorescent properties of H and J aggregates. It is 
well known that in the vast majority of cases H-aggregates are non-
fluorescent.3,5,7,8,14,19,30 For example, Kamat and coworkers20 demonstrated that 
rhodamine 6G on SnO2 and SiO2 thin films exhibited decreased fluorescence 
intensity upon increasing concentration, due to the formation of H-aggregates. 
However, the observed decrease in fluorescence intensity was not accompanied 
by a shift in 𝜆𝐹𝐿, as was observed here for R560 on TiO2 and ZrO2. To explain the 
shift in 𝜆𝐹𝐿, the fluorescence properties of dye monomers and J-aggregates must 
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be considered. With two fluorescent species (monomers and J-aggregates) 
present on TiO2 and ZrO2, broad emission is expected. Indeed, the fluorescence 
spectra reveal an increase in FWHM with increasing dye-loading concentration 
(e.g., at dye-loading concentrations of 10-6 M and 5x10-5 M, the fluorescence 
FWHM is increased from 39 nm to 66 nm, respectively). The concentration-
induced spectral broadening is consistent with the presence of multiple emitting 
species. The observation that fluorescence from the monomer (i.e., at 529 nm) is 
quenched with increasing dye concentration is consistent with previous reports of 
FRET from monomers to weakly-fluorescent J-aggregates4,10,26,28,31-33 Ultimately, 
the diffuse reflectance and steady-state fluorescence spectra for R560/TiO2 are 
consistent with: 1) the formation of non-fluorescent H aggregates, 2) the formation 
of weakly-fluorescent J aggregates, and 3) energy transfer from R560 monomers 
to J aggregates to result in fluorescence quenching of the highly-fluorescent 
monomers. To examine the excited-state properties of R560 monomer and 
aggregates on TiO2, we performed fluorescent lifetime measurements as a 
function of dye-loading concentration and substrate.   
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CHAPTER 4: FLUORESCENCE LIFETIME MEASUREMENTS OF R560 ON TiO2 
AND ZrO2 THIN FILMS 
 
Introduction 
 In order to examine the excited state properties of rhodamine 560 (R560) 
monomers and aggregates, fluorescent lifetime measurements are used. 
Fluorescent lifetimes allow electron injection of dye molecules to TiO2 to be probed 
as well as an energy transfer mechanisms (i.e., FRET). The time-averaged life 
time (<τFL>) of samples containing aggregates will vary significantly from that of 
pure monomer. For example, the lifetime of trans para-distyrylbenzene single 
crystals containing fluorescent H-aggregates was observed to have a longer 
fluorescent lifetime than the corresponding monomer.1 For another fluorescent H-
aggregate, merocyanine dyes, the fluorescent lifetime of the monomer (τFL = 0.5 
ns) was much shorter than that of the H-aggregate (τFL = 4.4 ns). Additionally, the 
<τFL> of rhodamine 6G (R6G) was determined to increase due to the formation of 
H-aggregates, as determined by the angle between the longitudinal axes of the 
monomer transition dipole moment.2 J-aggregates have been shown to have 
shorter lifetimes than the corresponding monomers. For example, R6G in laponite 
clay at different concentrations demonstrated a decrease in fluorescent lifetime 
with increasing concentration of dye (i.e., <τFL> = 4.2 ns for 0.1 %CEC and <τFL> 
= 0.98 for 60 %CEC, where %CEC is defined as the percentage of the total cation 
exchange capacity of the clay).3  
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Fluorescence lifetime measurements are a powerful method to probe the 
charge-transfer dynamics6-11 and aggregation properties12-15 of dye sensitizers on 
semiconductor films. For J-aggregates of a benzimidazolocarbocyanine dye 
derivative the monomer has a <τFL> of 2.4 ns, while the J-aggregated was found 
to have a <τFL> of only 185 ps at room temperature (a noted feature of J-
aggregates is their lifetime decreases with decreasing temperature).4 Furthermore, 
the lifetime of a perylene dye (monomer) in methylcyclohexane was determined to 
be 6.8 ns, while the <τFL> of the J-aggregate in methylcyclohexane was 2.6 ns. 
The decreased lifetime was speculated to be a result of exciton delocalization.5 
The delocalization is homologous to the size of the aggregate (i.e., how many 
monomer units its comprised of) and is determined via the relationship of the 
aggregates lifetime, monomer lifetime, and aggregate quantum yield.  
 
Experimental 
Samples of R560/TiO2 and R560/ZrO2 were prepared on glass microscope 
cover glass (Fisherbrand) by doctor blading and placed atop an inverted confocal 
microscope (Nikon, TiU). Excitation was provided by a 470-nm pulsed laser 
(PicoQuant PDL 800-D LDH) operating at a 10 MHz repetition frequency. Laser 
excitation was guided through a 488-nm dichroic beam splitter (Semrock, Di02-
R488-25x36) and then focused on the sample by a 100x oil-immersed objective 
(Nikon Plan Fluor, NA = 1.3). Excitation powers at the sample were adjusted 
between ~1 nW and ~3 µW to prevent the “pile-up” effect, where early photons are 
over-represented. Epifluorescence from the sample was collected through the 
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objective, spectrally filtered (Semrock, BLP01-488R-25), and focused onto an 
avalanche photodiode detector (APD) with a 50-µm aperture (MPD, PDM050CTB). 
Fluorescence decay curves were collected using a TCSPC module (PicoQuant, 
PicoHarp 300) at ten different locations for each sample to obtain average values 
and the associated uncertainties.  
 Fluorescence dynamics were fitted using the nonlinear least-squares 
reconvolution of the instrument response function (IRF, full width at half maximum 
(FWHM) ~130 ps) with single or biexponential functions that follow: 𝐼(𝑡) =
 ∑ 𝛼𝑖
𝑛
𝑖=1 exp (−
𝑡
𝜏𝑖
), where αi is the pre-exponential factor for the amplitudes of the 
exponential, and τi is the lifetime of the exponential decay. The least-squares 
method was conducted per the Marquardt-Levenberg algorithm with the global fit 
option (PicoQuant, FluoFit V. 4.6.6). Good fit criteria were described by a χ2 ~ 1, 
and a random distribution of weighted residuals around zero. The time-averaged 
lifetime for each fluorescence decay was obtained by calculating the average 
lifetime from the biexponential fit of each location by: 〈𝑡〉 =  
∑𝛼𝑖𝜏𝑖
2
∑𝛼𝑖𝜏𝑖
, and then taking 
the average of all the 〈𝑡〉 at each dye-loading concentration.  
 
Results and Discussion 
Figure 8 presents the typical fluorescence decays of R560 on TiO2 and ZrO2 
films prepared with relatively high and low dye-loading concentrations (i.e., 10-5 M 
and 10-7 M, respectively). Table 3 presents the normalized amplitudes and lifetime 
components of the fitted fluorescence decays. In all of the TCSPC measurements 
a sub-IRF lifetime component was observed that is attributed to an artifact of the 
46 
 
 
 
fitting procedure due to its constant value and presence in samples.11,16-18Attempts 
to fit the data to a stretched exponential function required a minimum of six free 
fitting parameters and resulted in poor χ2 values (i.e., > 1.2) once the dye-loading 
concentration exceeded 10-7 M. Therefore, the fluorescence decays of R560-
doped films were best fit to biexponential functions after IRF reconvolution (FWHM 
~ 130 ps). Attempts to fit the data to the stretched exponential required a minimum 
of six free fitting parameters and had poor 𝜒2 values (i.e., larger than 1.2) once the 
dye-loading concentration exceeded 10-7 M. Therefore, the time-resolved data is 
thus fit with the simpler biexponential model, and the stretched exponential 
analysis is not considered in this study. Corresponding time-averaged 
fluorescence lifetimes for the emission decays were calculated according to:19  
< 𝜏 > =  
∑ 𝐴𝑖𝜏𝑖
2𝑁
𝑖
∑ 𝐴𝑖𝜏𝑖
𝑁
𝑖
 
where 𝐴𝑖 is the amplitude of the corresponding lifetime component (𝜏𝑖) and for N 
components.  
 
Figure 8. Fluorescence lifetime measurements of R560 on TiO2 at dye-loading concentration of 
10-7 M (green) and 10-5 M (red) and on ZrO2 at dye-loading concentrations of 10-7 M (pink) and 10-
5 M (blue). IRF (black, ~130 ps) 
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Table 3. Fluorescent lifetime data of R560 on TiO2 and ZrO2 thin films at varying dye-loading 
concentrations 
 TiO2  ZrO2 
[R560] 
< τ > 
(ns) 
ϕ  
< τ > 
(ns) 
ϕ 
Acetonitrile 3.36 ± 0.04    
10-7 M 1.5 ± 0.1 Monomer  3.5 ± 0.1 Monomer 
10-6 M 1.6 ± 0.1 47 ± 4°  2.6 ± 0.1 35 ± 2° 
5x10-6 M 1.7 ± 0.1 48 ± 4°  2.6 ± 0.1 35 ± 2° 
10-5 M 1.34 ± 0.04 42 ± 3°  2.4 ± 0.2 31 ± 3° 
5x10-5 M width of decay ~ width of IRF  2.1 ± 0.4 24 ± 5° 
 
The fluorescence decays in Figure 8 reveal that the fluorescence dynamics 
of R560/TiO2 are bi-exponential and quenched relative to R560 in acetonitrile, 
which exhibited a single decay constant of 3.36 ± 0.04 ns. At 10-7 M dye-loading 
concentration, the average lifetime of R560/TiO2 is decreased to 1.5 ± 0.1 ns. The 
fluorescence dynamics of R560/TiO2 films are further quenched when the dye-
loading concentration is increased. For example, < 𝜏 > is decreased from 1.5 ± 
0.1 ns to 1.34 ± 0.04 ns when the dye-loading concentration increased from 10-7 
M to 10-5 M, respectively. In order to unravel the interplay of injection- and 
aggregation-induced quenching on the fluorescence dynamics of R560/TiO2, we 
conducted a parallel time-resolved fluorescence study of R560 on insulating ZrO2.  
R560/ZrO2 films prepared using 10-7 M dye-loading concentration exhibit a 
similar fluorescence decay to R560 in acetonitrile, consistent with the interpretation 
that the 10-7 M film is primarily composed of monomers. Figure 8 and Table 3 
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demonstrate that < 𝜏 > for R560/ZrO2 films decrease consistently with increasing 
dye loading concentration. As expected, the fluorescence lifetimes of R560 on 
ZrO2 films are slower relative to TiO2, consistent with a non-injecting 
substrate.7,10,14 Using the Stern-Volmer relation  with time resolved data in the 
presence and absence of quencher it is possible to measure the rate of quenching 
and determine if dynamic quenching (i.e., FRET) is present in our systems (i.e., 
TiO2 and ZrO2) (Figure 9). The Stern-Volmer relation is given by19,20: 
𝜏0
𝜏⁄ = 1 + 𝑘𝑞𝜏0[𝑄] 
Where τ0 is the lifetime in the absence of quencher (i.e., pure monomer), τ is the 
lifetime in the presence of quencher, [Q] is the concentration of the quencher, and 
kq is the quenching rate constant. We are unable to obtain the actual rate constants 
because the lifetime in the absence of quencher has been estimated (i.e., lifetime 
measured at 10-7 M dye-loading) and the exact concentration of the quencher (i.e., 
J-aggregates) is unknown. Nevertheless, the plots in Figure 9 reveal that 
R560/ZrO2 is fit to a line within propagated error and has an acceptable R2 values 
(i.e., R2 = 0.95). Contrastingly, R560/TiO2 data was not fit as admirably, having an 
R2 value of only 0.60.  
Steady-state fluorescence data revealed the presence of FRET between 
the monomer and J-aggregates of R560 which is known to be dynamic quenching 
process.20 The deviation from the Stern-Volmer relation, specifically a y-intercept 
of 1, is likely due to the estimations used. However, the significant deviations of 
TiO2 (i.e., not having a linear relationship) is presumptively due to the presence of 
another quenching mechanism (i.e., electron injection). Although data for 
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R560/TiO2 is complicated by the presence of electron injection, R560/ZrO2 
demonstrates convincing evidence of FRET, affirming the conclusions from 
steady-state measurements.   
 
Figure 9. Stern-Volmer plot of R560 on TiO2 (blue) and ZrO2 (red) thin films. Linear equations were 
fit to each plot of data by minimizing the χ2 value. 5x10-5 M R560 is not shown for TiO2 due to the 
lifetime being faster than the IRF (i.e., it was to fast to accurately observe).  
 
 Furthermore, the average lifetime measurements can be used to ascertain 
whether H- or J-aggregates are present. According to molecular exciton theory the 
radiative rate constant of the dimer (kr(D) = 1/τ) and the monomer radiative rate 
constant (kr(M) = 1/τ0) can be used to find the angle (ϕ) between the longitudinal 
axes of the monomer transition moment by: 
𝑘𝑟(𝐷) = 2𝑘2(𝑀)𝑐𝑜𝑠
2𝜙  
where kr(M) is estimated by the lifetime of the 10-7 M dye-loading sample. 
Additionally, ϕ > 54.7° is characteristic of H-aggregates while ϕ < 54.7° is 
characteristic of J-aggregates (Figure 10). Table 3 shows that even for low 
concentrations (i.e., 10-6 M dye-loading) φ is less than 54.7° and decreases with 
increasing dye-loading concentration (i.e., 47 ± 4° at 10-6 M to 42 ± 3° at 10-5 M 
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dye-loading on TiO2), consistent with the formation of additional J-aggregates with 
respect to the monomer.   
 
Figure 10. Diagram of the angle between the longitudinal axes and the dipole moment of the 
monomer. For Φ > 54.7° indicative of H-aggregates and Φ < 54.7° indicative of J-aggregates.  
 
Temporally-resolved fluorescence measurements of R560/TiO2 and 
R560/ZrO2 films provided insight into the impact of J-aggregates on monomer 
fluorescence without contributions from photodegradation of the dye. The 
biexponential fits for both TiO2 and ZrO2 fluorescence dynamics are indicative of 
two emissive species on the substrates. We determined that the decreasing 
average lifetime with increasing dye-loading is a result of J-aggregates.  On TiO2 
films, the fluorescence dynamics are dominated overall by electron injection, while 
FRET is responsible for fluorescence dynamics on ZrO2 films. 
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APPENDIX I. STRUCTURES AND PROPERTIES OF RHODMAINE DYES 
 
Table 4. RB and 5-ROX dye structure and properties 
Dye 
Rhodamine B  
(RB)1 
5-peroxy-X-rhodamine 
(5-ROX)2 
Structure 
 
 
Absorbance 
Max 
543 578 
Fluorescence 
Max 
564 604 
Molar 
Absorptivity 
106,000 87,800 
Counter Ion chloride triethylammonium 
data for RB is in ethanol solution and data for 5-ROX is in 50 mM potassium phosphate buffer 
solution (pH = 8) 
 
Table 5. R101, R640, and R560 dye structure and properties 
Dye 
Rhodamine 101 
(R101)3 
Rhodamine 640 
(R640)3 
Rhodamine 560 
(R560)4 
Structure 
  
 
 Absorbance 
Max 
567 575 499 
Fluorescence 
Max 
588 594 521 
Molar 
Absorptivity 
8,330 No data available  92,000 
Counter Ion 
Inner salt  
(no counter ion) 
perchlorate chloride 
data for R101, R640, and R560 are all in methanol solution 
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APPENDIX II: DIFFUSE REFLECTANCE DATA WITH GAUSSIAN FITTING 
RESULTS FOR 5-ROX, R101, AND RB  
 
The following is a key correlated to the colors used in all of the following spectra 
 
Acquired Data Fitted Date           Fitted Monomer 
 
                    Fitted H-aggregates        Fitted J-aggregate 
 
 Diffuse reflectance spectra were baseline subtracted using Origin 9.1 
software and fit to Gaussian functions to describe the species present on the 
surface of the TiO2 thin film. For each dye 10-6 M was estimated to be the 
monomer, which was then used for fitting in each subsequent dye-loading sample 
for that dye. 5-ROX/TiO2 fits are illustrated in Figures 11 – 15, R101/TiO2 fits are 
illustrated in Figures 16 – 20, and RB/TiO2 fits are illustrated in Figures 21 – 25. 
The above key is also consistent for all spectra of 5-ROX, R101, and RB. 
 
 5-ROX/TiO2 Gaussian Fitting Results 
 
Figure 11. 10-6 M dye-loading of 5-ROX to TiO2 and fitted Gaussian with λmax = 516 nm and FWHM 
= 32.9 nm (these parameters were used to fit all other monomer species in 5-ROX/TiO2 data sets, 
allowing only the height of the Gaussian function to change) 
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Figure 12. 5x10-6 M dye-loading 5-ROX/TiO2 sample comprised of 47% monomer, 14% H-
aggregates, and 39% J-aggregates.  
 
 
Figure 13. 10-5 M dye-loading 5-ROX/TiO2 sample comprised of 34% monomer, 16% H-
aggregates, and 50% J-aggregates 
 
Figure 14. 5x10-5 M dye-loading 5-ROX/TiO2 sample comprised of 23% monomer, 16% H-
aggregates, and 61% J-aggregates  
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Figure 15. 10-4 M dye-loading 5-ROX/TiO2 sample comprised of 20% monomer, 14% H-
aggregates, and 66% J-aggregates  
 
 
R101/TiO2 Gaussian Fitting Results 
 
 
Figure 16. 10-6 M dye-loading R101/TiO2 sample with monomer (75%) and some J-aggregate 
(25%), the monomer was assigned due to the assertion that the monomer would be the most 
abundant species at a low dye-loading concentration. The monomer had a λmax = 517 nm with 
FWHM = 35.8 nm, which was used for each of the subsequent fits for R101/TiO2 samples. Only 
the peak height was allowed to vary from sample to sample.   
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Figure 17. 5x10-6 M dye-loading R101/TiO2 sample comprised of 27% monomer, 22% H-
aggregate, and 51 % J-aggregates  
 
 
Figure 18. 10-5 M dye-loading R101/TiO2 sample comprised of 24% monomer, 24% H-aggregates, 
and 52% J-aggregates 
 
 
Figure 19. 5x10-5 M dye-loading R101/TiO2 samples comprised of 26% monomer, 20% H-
aggregates, and 54% J-aggregates 
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Figure 20. 10-4 M dye-loading R101/TiO2 sample comprised of 24% monomer, 20% H-aggregates, 
and 56% J-aggregates.  
 
 
RB/TiO2 Gaussian Fitting Results 
 
Figure 21. 10-6 M dye-loading RB/TiO2 sample with monomer λmax = 507 nm and a FWHM = 38.8 
nm. Additionally, there is a vibronic shoulder (which is part of the monomer) with λmax = 468 nm and 
FWHM = 29.0 nm. Both peaks are used for fitting higher dye-loading RB/TiO2 samples and the ratio 
of heights between the two is held constant, along with their λmax and FWHM 
 
 
Figure 22. 5x10-6 M dye-loading RB/TiO2 sample comprised of 83% monomer, 12% H-aggregates, 
and 5% J-aggregates 
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Figure 23. 10-5 M dye-loading RB/TiO2 comprised of 73% monomer, 16% H-aggregates, and 11% 
J-aggregates.  
 
 
Figure 24. 5x10-5 M dye-loading RB/TiO2 comprised of 63% monomer, 22% H-aggregates, and 
15% J-aggregates.  
 
 
Figure 25. 10-4 M dye-loading RB/TiO2 comprised of 52% monomer, 24% H-aggregates, and 24% 
J-aggregates.  
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APPENDIX III: EFFECTS OF COUNTER ION AND SOLVENT 
 
The Counter Ion Effect 
 
While comparing the aggregation of various rhodamine dyes to TiO2, it is 
necessary to consider that different counter ions may produce varying results. To 
best compare the effects of the counter ion, we can compare the absorbance 
spectra of rhodamine 640 (R640) and rhodamine 101 (R101), which have the 
same dye structure, but varying counter ions. R101 is an inner salt, meaning it has 
no addition salt species and R640 has a perchlorate salt. Figure 26 below shows 
the comparison between the two: 
 
 
Figure 26. Diffuse reflectance spectra at three different dye-loading concentrations of R640 (green) 
and R101 (blue) comparing the spectral difference due to a varying counter ion 
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Several observations can be drawn from the above spectra. First, the 
spectra for R640 are more intense than those of R101; although, the increased 
intensity could be due to a higher molar absorptivity, for which no reference could 
be found for R640. Second, at the two lowest dye-loading concentrations (10-6 M 
and 10-5 M) T640 appears to me more broadened hypsochromically than R101, 
suggesting the potential for more H-aggregation. Finally, it is worth noting that at 
higher concentrations (i.e., 10-4 M) the effect of the varying counter ion is negligible.  
 
The Solvent Effect 
The diffuse reflectance spectra for RB at 10-4 M dye-loading using two 
different solvent (i.e., ethanol and acetonitrile, see Figure 27) have very different 
characteristics. Acetonitrile appears to have allowed the RB dye to adsorb more 
readily to the thin film, while ethanol has hindered adsorption. Additionally, with 
more adsorption came more aggregates as demonstrated by the FWHM values 
(Table 6). Previously the effects of water and acetonitrile on dye adsorption to thin 
films has been studied, which concluded water could form hydrogen bonds to TiO2 
thin films, having, in some cases, a stronger affinity for binding than the dye 
molecules. Additionally, the opposite was observed for acetonitrile, in which very 
little affinity for TiO2 adsorption was observed, making dye adsorption very 
attainable.1 
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Figure 27. Rhodamine B (RB) at 10-4 M dye-loading on TiO2 film using ethanol (blue) and 
acetonitrile (red) as solvent for the dye.  
 
Table 6. Comparison between acetonitrile and ethanol on RB adsorption characteristics to TiO2 
 λmax FWHM Max Intensity 
Ethanol 506 47.6 0.115 
Acetonitrile 521 111.1 0.759 
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APPENDIX IV. DIFFUSE REFLECTANCE SPECTRA OF RB ON ZrO2 
The diffuse reflectance spectra of RB/ZrO2 was observed to have the same 
λmax on ZrO2 compared to RB in solution (Figure 28). This is a significant change 
from RB/TiO2 in which there was a ~50 nm hypsochromic shift observed relative 
to solution. The hypsochromic shift on TiO2 has been attributed to the 
photocatalytic degradation of tertiary amine groups by TiO2. This is further 
confirmed by the spectra of RB on ZrO2, which reveal no evidence of photocatalytic 
degradation.  
 
Figure 28. Absorbance spectrum of RB in acetonitrile (black) and diffuse reflectance spectra of 
RB/TiO2 at 5x10-6 M (red), 10-5 M (green), and 10-4 M (blue). 
